S
ynchronous activity is ubiquitous in natural systems and has fascinated the likes of engineers, mathematicians, and biologists (1) . Although coordinated oscillations have been described among atoms, molecules, cells, and organisms on timescales from fractions of a second to years, our understanding of the mechanisms underlying synchrony is often limited. A study in PNAS (2) provides insights into how diffusible signals organize the daily oscillations among cells in the brain. In this system, three neuropeptides released from distinct groups of neurons can coordinate cycles of gene expression across the larger population of cells (Fig. 1A) .
In mammals, the suprachiasmatic nucleus (SCN) is responsible for generating near-24 h (circadian) cycling in a vast array of physiological and behavioral events, including sleep-wake, hormone release, metabolism, and gene expression (3) . The nearly 20,000 SCN neurons spontaneously synchronize to each other early in development. A burning question in the field has been: How do these cells synchronize to each other to coordinate daily rhythms in behavior?
Maywood et al. took full advantage of the features that make the SCN an excellent model for understanding communication among networked oscillators. The SCN can be isolated and its daily cycling studied in the controlled environment of a Petri dish for weeks (4) . The SCN can be transplanted to rescue lost rhythms (5) . The periodicity of the SCN can be manipulated through changes in key genes; more than 20 transcription factors, kinases, phosphatases, and their regulators have been shown to determine its cycle length (6, 7) . Finally, Maywood et al. followed on evidence that SCN neurons secrete factors capable of coordinating rhythms in the brain and body. Early studies revealed that transplants of SCN inside a dialysis membrane can restore locomotor rhythms in the absence of synaptic connections to the host brain (5). More recently, cocultures of immortalized SCN cell lines (8) or SCN explants (9) have been found to sustain rhythmicity in target cells several millimeters away. In vivo, the SCN can impose circadian rhythms on embryonic fibroblasts implanted under the skin (10). Taken together, these results have led to the hypothesis that the SCN can communicate timing information through at least one, as yet unidentified, diffusible factor.
The breakthrough came when Maywood et al. invented a system whereby they could reversibly appose an SCN slice onto another SCN. Using real-time bioluminescence imaging, they measured the influence of the grafted SCN on the circadian gene expression in the cells of the host SCN. They started by asking whether the SCN taken from a wild-type mouse is capable of rescuing daily rhythms in the SCN taken from an arrhythmic mouse. Previous studies had demonstrated that loss of vasoactive intestinal polypeptide (VIP) or its cognate receptor, VPAC2R (encoded by the Vipr2 gene) abolished synchronized circadian rhythms in the SCN and in locomotor behavior (11, 12) . The new study (2) shows that wild-type SCN can quickly restore rhythms to SCN lacking VIP. By changing the circadian genotype of the graft SCN, the authors cleverly reveal they can drive the host SCN at either much shorter or longer periods. SCN lacking VIP do not rescue rhythms in the host, indicating that VIP is critical. However, is VIP the signal that passes across the divide to the other SCN? The answer was a resounding "Yes, but. . .." Wild-type grafts could slowly rescue weak rhythms in SCN lacking the VPAC2 receptor, indicating that VIP signaling is the major pathway to coordinated rhythms in the SCN, but leaving room for additional, less potent synchronizing agents. To test whether other signals can organize rhythms in the SCN, the authors took aim at two other candidate secreted peptides. They found that the weak rescue of rhythms in Vipr2 −/− SCN could be abolished by blockers of receptors for gastrinreleasing peptide (GRP) (BB2r) or arginine vasopressin (AVP) (V1a and V1b). Interestingly, the rescue of Vip-deficient SCN by wild-type grafts was weakened by blockers of AVP receptors but less affected by blockers of GRP receptors. This leads to a model whereby coupling among SCN cells depends primarily on VIP-VPAC2R signaling, modestly on V1a/V1b signaling, and weakly on BB2r signaling (Fig. 1B) .
How do these extracellular, paracrine signals impinge on the intracellular circadian gene network to synchronize rhythms across the population of cells? A prevailing view holds that these neuropeptides act through their G protein-coupled receptors to modulate cAMP levels to upregulate expression of clock genes and, ultimately, adjust the circadian phase of each cell (13) . Here, Maywood et al. provided a surprising insight. As an alternative to rescuing rhythms in Vip −/− SCN, they examined SCN from mice lacking the two cryptochrome (Cry) genes. Although these mice show no circadian rhythms in behavior, and their SCN have been reported to express no daily rhythms in neuronal firing rates (14) , they found that 2), a unique coculture system reveals how neuropeptides released by neurons within a circadian SCN graft can diffuse and restore daily rhythms to an arrhythmic host SCN. Three neuropeptides endogenous to the SCN differ in their potency as paracrine coordinators of circadian rhythms. (B) VIP signaling through its receptor, VPAC2, and Gαs dominates, whereas AVP and GRP can partially compensate for the loss of VIP signaling to sustain synchronous circadian rhythms in gene expression across the SCN.
Cry-null SCN express weak circadian rhythms. This was unexpected but is similar to the recent discovery that the SCN from other arrhythmic mice can show weak circadian cycling (15) . The bigger surprise came when they found that these weak rhythms were slow to respond to grafted SCN. The authors argue that this implicates intercellular signaling in sustaining the weak rhythms of the Cry-null SCN and slowing their response to signals from a grafted SCN.
What is the significance of this hierarchical arrangement of three neuropeptides coordinating gene expression across thousands of cells? The conclusion here that VIP-VPAC2R signaling dominates is consistent with the observation that loss of VIP or VPAC2R abolishes circadian rhythms in most behaviors and physiological processes in most mice (11, 12) . That GRP and AVP can, in the absence of VIP, suffice to sustain daily cycling is consistent with the observation that some or all VIP/VPAC2R-deficient mice can still show synchronized circadian rhythms under some conditions (16) and that GRP can induce rhythms in VPAC2R-null SCN (17) . This is strikingly reminiscent of the modulatory role of neuropeptides in other neural networks like the central pattern generators underlying faster oscillatory behaviors like locomotion, respiration, and chewing (18) .
Notably, there may be more secreted factors that can mediate or modulate circadian synchrony under the right environmental or developmental conditions. For example, a functional screen for genes encoding secreted and membrane-bound proteins in the SCN identified more than 100 peptides, including neuropeptide precursors, growth factors, cytokines, chemotrophins, and transmembrane proteins, that signal after cleavage (19) . More recently, methods for directly sequestering and sequencing peptides secreted from SCN explants identified more than 100 peptides derived from 27 precursor proteins (20) . Some of these are likely to be secreted rhythmically within the SCN or SCN target tissues and, thus, carry timing information. How far can these signals travel? VIP, AVP, and GRP, at least, can go the distance.
